Diarrhoea, cough and fever are the leading causes of childhood morbidity and mortality in sub-Saharan Africa (SSA). According to the World Health Organization (WHO, 1996) , each child in this region has a mean of five episodes of diarrhoea/year, and 800,000 children/year die from diarrhoea and dehydration. In 2005 the most populous country in this region, Nigeria, had an annual birth rate of about 4.1% offset by a mortality 'rate', among children aged ,5 years, of 19.7% (www.unicef.org/ infobycountry/nigeria.html).
In many of their attempts to improve public health, health planners depend on healthcare interventions that are based on a correct understanding of the diseases that affect childhood morbidity. General sanitary conditions, mother's education and place of residence are already known to be strongly associated with childhood morbidity in SSA (Yohannes et al., 1992) . In addition, the child's age, the quality and quantity of water available, the availability of toilet facilities, household size, feeding practices, environmental conditions and economic status of households also have a significant impact on diarrhoea and respiratory diseases among the young children who live in this region (Woldemicael, 2001) .
The aim of the present study was to investigate geographical effects on morbidity among young children in Nigeria, by analysing the relevant data collected in two Nigerian demographic and health surveys (NDHS). Detailed information on the geographical distribution of childhood morbidity should help policy-makers to direct their intervention plans more effectively.
MATERIALS AND METHODS

Data
Data were collected from the 1999 and 2003 NDHS. Each of these surveys included questions designed to explore child survival and health and socio-economic and environmental conditions at household level. All the information was collected from female interviewees aged 15-49 years. In each survey, the health status of each interviewee's 'young' children (i.e. children aged (35 months in the 1999 survey and children aged (59 months in the 2003 survey) was assessed by asking the interviewee 'Has your child had diarrhoea, cough and/or fever in the last 2 weeks?'. Overall, data on 3552 and 6029 'young' children were collected in the 1999 and 2003 surveys, respectively.
In the analysis of the survey results, many of the factors investigated were re-categorized to be comparable with the results of previous studies. A mother's marital status, for example, was re-categorized as either 'single' or 'married', and household size was re-categorized as 'small' (if there were fewer than six members), 'medium' (if there were six to 10 members) or 'large' (if there were at least 11 members). On the basis of answers to appropriate questions, the way in which a child was fed was recorded as 'exclusively breastfed', 'not breastfed' or 'mixed feeding', and assets indices were generated, as indicators of the economic status of each study household.
For administrative purposes, Nigeria is subdivided into regions and states. Although the regional division changed between the 1999 and 2003 surveys (with only five regions making up the country in 1999 but six regions in 2003), there were the same 37 states at the time of both surveys. For the present study, prevalences of diarrhoea, cough and fever among the young children were determined both at regional and state level. Geo-additive Bayesian modelling, with dynamic and spatial effects, was then used to assess temporal and geographical variation in these three conditions. The model used also allows for the non-linear effects of covariates to be investigated (see below).
Statistical Methods
In the analysis of survey data, the commonly adopted models are probit or logistic, and the standard measure of effects is the odds ratio (Yohannes et al., 1992; Woldemicael, 2001) . In the present study, however, the geographical nature of the data and the presence of non-linear effects for some covariates meant that strictly linear predictors could not be assumed. In a novel approach (see Appendix), the regional patterns of childhood morbidity and the possibly non-linear effects of other factors were therefore explored within a simultaneous, coherent regression framework, using a geo-additive, semi-parametric, mixed model (Fahrmeir and Lang, 2001; Kandala and Madise, 2004; Brezger et al., 2005; Kandala, 2006) . In brief, the strictly linear predictor:
is replaced with a logit link function with dynamic and spatial effects, Pr(y i 51|g i )5e gi /(1ze gi ), and a geoadditive semi-parametric predictor m i 5h(g i ): are sometimes referred to as geo-additive models. P-spline priors were assigned to the functions f 1 , ..., f p , while a Markov random field prior was used for f spat (s i ) (Fahrmeir and Lang, 2001; Kandala and Madise, 2004; Brezger et al., 2005; Kandala, 2006) . Although the estimation process with this model is complex, the estimated posterior odds ratios (OR) that were produced should be interpreted as those of ordinary logistic models.
The analysis was carried out using version 0.9 of the BayesX software package (Brezger et al., 2005) , which permits Bayesian inference based on Markov-chain-Monte-Carlo (MCMC) simulation techniques. The statistical significances of apparent associations between potential risk factors and the prevalences of recent diarrhoea, cough and fever were explored in x 2 and Mann-Whitney Utests, as appropriate. Multivariate analysis was used to evaluate the significance of the posterior OR determined for the fixed, nonlinear effects and spatial effects. A P-value of ,0.05 was considered indicative of a statistically significant difference.
RESULTS
The data from the 1999 survey included 3121 valid observations for diarrhoea, 3098 for cough and 3119 for fever in 'young' children. In the 2003 survey (with its broader definition, by age, of a 'young' child), there were 5068 valid observations for diarrhoea, 5054 for cough and 5046 for fever.
In the descriptive analysis, two pairs of frequency tables were generated -one pair to show the prevalences of diarrhoea, cough and fever in 1999 and 2003, split by state and region (Tables 1 and 2), and the other  to show the corresponding prevalences split  by potential risk factor (Tables 3 and 4) .
Despite the slight change in the age definition of a 'young' child between the two surveys, the overall prevalences of diarrhoea, cough and fever recorded among the young children in 1999 (13.9%, 20.3% and 27.5%, respectively) were not significantly different from the corresponding values recorded in 2003 (15.4%, 20.2% and 26.6%, respectively) . These national prevalences and the aggregated regional prevalences concealed, however, important spatial variation in the childhood morbidity recorded at state level (see Table 1 ). In the South East region in 1999, for example, the overall prevalence of diarrhoea among the young children investigated was 15.0% but the corresponding state-level prevalences varied from 9.5% (in Enugu) to 28.6% (in Bayelsa).
Certain regions were associated with relatively high prevalences of diarrhoea, cough and/or fever. In 1999 (Table 1) , for example, diarrhoea was relatively common among the young children from the North West (P,0.001) and Central (P,0.001) regions, whereas cough was positively associated with the North West (P,0.001), South East (P50.031), South West (P,0.001) and Central (P,0.001) regions, and fever was positively associated with the North East (P50.002), North West (P,0.001), South West (P,0.001) and Central (P50.006) regions. In 2003 (Table 2) , the North Central (P,0.001), North East (P,0.040) and North West (P,0.001) regions were each positively associated with diarrhoea, cough and fever, the South East with diarrhoea only (P50.004), the South South with both cough (P50.001) and fever (P50.007), and the South West with both diarrhoea (P,0.001) and fever (P50.026). Tables 3 and 4 show the prevalences of diarrhoea, cough and fever for all fixed categorical factors and the relationship, if any, between each factor and prevalence (not accounting for any spatial effects) in 1999 and 2003. Several factors appeared to reduce the risk of diarrhoea in young children: in 1999 these were hospital delivery, exclusive breastfeeding, an educated mother and an educated mother's partner whereas in 2003 they were urban residence, antenatal visits, hospital delivery, exclusive breastfeeding, an educated mother, an educated mother's partner, a relatively high age (of the child) and a relatively old mother. Antenatal visits, exclusive breastfeeding, and an educated mother appeared to reduce the risk of childhood cough in 1999 whereas only an educated mother's partner and a relatively high age appeared to have the same effect in 2003. The risks of childhood fever appeared to be reduced by urban residence, a single mother, antenatal visits, hospital delivery and exclusive breastfeeding in 1999, and by urban residence, antenatal visits, hospital delivery, an educated mother, an educated mother's partner, a relatively high age (of the child) and a relatively old mother in 2003.
In both 1999 ( or her mother's age on diarrhoea, cough and fever in 1999 (Fig. 3) and 2003 (Fig. 4 ). There appears to be a clear non-linear association between the child's age (lefthand panels) and diarrhoea, cough and fever, the graph for each type of morbidity showing a steep upward curve in the first 6-8 months of life (indicating that the child's health deteriorates quickly in this period). Maternal age (right-hand panels) appears to be almost linearly related with diarrhoea, cough and fever in the young child. Curiously, it appears that the younger the mother, the higher the risks of childhood diarrhoea and cough but the lower the risk of childhood fever. (In the graphs relating to maternal age, the credible intervals expand rapidly at ages of .40 years because of the small sample of 'older' mothers.)
The results of controlling for a range of the child's and his or her household's characteristics, to account for the fixed effects, are shown in Table 5 ). In 2003, the risk of childhood fever appeared to be reduced by living in an urban area (OR50.78; CI50.60-0.99) and having a mother who had attended an antenatal clinic (OR50.53; CI50.40-0.70). 
DISCUSSION
This study provides evidence of consistent and highly significant spatial variation, at state level, in the risk of childhood diarrhoea, cough and fever in Nigeria. Children from the northern and eastern states are at relatively high risk of such morbidity. The reasons for this high risk are not yet known, although climatic change and a Sahelian drought, which increased pressure on the available resources over the last few decades, may be partially responsible (Anon., 2005) . In the southern states, where there is also a relatively high risk of childhood cough and fever (but not diarrhoea), some of the morbidity may be the result of the oil industry and oil spillage and the resulting environmental pollution in the Niger Delta. Oil has become a dominant part of the Nigerian economy since it was discovered in the country in the 1950s. Paradoxically, the wealth gained from this has unexpectedly led to increased degradation of the environment and deterioration in the health conditions of many local people. Gas flaring may also be a major contributing factor, with the resultant acid rain infiltrating local water sources (Anon., 2005) .
The western states, where childhood morbidity is relatively rare, were used as benchmark for free education, agricultural settlements and industrial development (Anon., 2006) . Consequently, parents in this area are relatively well educated and likely to know more about the causes of childhood morbidity than others, hence effectively lowering the risk.
In this Nigerian study, unlike the findings from a related Kenyan investigation (Magadi, 1997) , children aged 1-2 years appeared most vulnerable to diarrhoea, cough and fever. The rapid deterioration seen in the health of children in their first 8 months of life was unexpected and probably reflects the common, rapid replacement of breast milk with poor quality food and water and a general lack of immunity to the pathogens causing the morbidity (Kandala, 2006; Kandala and Ghilagaber, 2006; . After 8-10 months of life (when, presumably, some acquired immunity had developed), a child's age appeared to have little effect on the risk of morbidity.
Maternal age showed an almost linear, negative relationship with risk of childhood morbidity in the present study. In earlier studies, in Kenya (Magadi et al., 2000) and Malawi , children born to younger mothers (aged ,20 years) were found to have a relatively high risk of morbidity, probably because the younger mothers were much less likely to attend obstetric and antenatal clinics, where they would be educated on childcare, than their older counterparts. In the present study, in Nigeria, there was no clear and consistent relationship between the ages of the mothers and the risk of diarrhoea, cough and fever in their young children.
The results of controlling for the fixed effects indicate the importance of the mother's partner's education, residential setting (urban v. rural), household economic status and mother's antenatal visits on childhood morbidity. Although the education of a Nigerian mother is known to have a strong link to her healthseeking behaviour (Olaogun et al., 2006) , in the present study, after controlling for spatial and non-linear effects, it was the education of the mother's partner (often the father of the young child who was studied) that was found more likely, than the education of the mother, to reduce the risk of cough in the young child. One possible explanation for this is that the role of men in African households remains dominant. An educated African man may therefore have more influence, especially on the treatment of a sick child in his household, than any female member of the household, even than the child's mother. Another plausible explanation is that, in general, an educated man is likely to have a higher socio-economic status than an uneducated one. As high socio-economic status is often associated with better sanitation and nutrition, it might also be expected to reduce some of the risks of childhood morbidity. In the present study, however, there was, surprisingly, no clear and consistent, negative correlation between socio-economic status of the household (as recorded in interviews with female householders) and risk of diarrhoea, cough and fever in the young children. In 1999, for example, children from households in the second and fourth quintiles, in terms of economic status, were more likely to have cough than their counterparts in the poorest (firstquintile) households. In 2003, however, it was the children from the poorest households who were most likely to have a recent history of cough. As expected, in 2003, children from fairly wealthy, third-quintile households had less risk of diarrhoea than children from the poorest, first-quintile households. The inconsistencies in the results for socio-economic status may reflect a major limitation in the NDHS surveys -that the socio-economic status of each study household is based on the answers to questions posed to a female member of that household (not on an independent assessment of family income, insurance, employment, assets) and therefore subject to misclassification. Another problem with the survey data, at least as far as the present study is concerned, is that the wealthiest (fourth-quintile) households produce fewer children, per household, than the second-and third-quintile households, giving a relatively small sample of young children from these wealthiest families.
Life in a rural setting appeared to be associated with fever in 2003 but not 1999. The general advantages of urban life on a child's health in sub-Saharan Africa are well documented. In Nigeria, for example, children from urban areas were found to be twice as likely to be immunized and to have access to basic healthcare services as those from rural areas (Anon., 2002) . In general, such advantages substantially reduce the risk of childhood morbidity.
The present analysis reveals obvious differences, in the spatial effects, between the 1999 and 2003 data-sets, with more of the northern and eastern states showing a positive spatial effect on childhood morbidity in 2003 than in 1999. With the fixed effects, important factors were consistently significant in both surveys. Some factors, such as seasonal effects and the various environmental factors associated with disease prevalence in sub-Saharan Africa, were not considered in the present study but clearly merit investigation.
Notwithstanding the limitations discussed above, the present findings give some support to those developing an integrated health policy for Nigerian children, allowing interventions to be focused on the worst affected areas and the worst affected age-groups and encouraging further attempts to improve parental education and attendance at antenatal clinics. Since there are so few modern data-sets on childhood diseases in Nigeria, it is hoped that this study will stimulate further investigation of morbidity in Nigerian children and add detail to the known spatial variation. using region-specific dummy variables to capture the spatial dimension. In this analysis, the regional patterns of childhood morbidity, and possible non-linear effects of other factors, were explored within a simultaneous, coherent regression framework, using a geo-additive, semi-parametric, mixed model. The fully Bayesian approach that was applied (Fahrmeir and Lang, 2001 ) is based on Markov priors and uses MCMC techniques for inference and model checking.
Consider regression situations, where observations (y i ; x i ; w i ); i51; ...; N, on a metrical response y, a vector x5(x i ; ...; x p )9 of metrical covariates (child's age), times scales or spatial covariates (states) and a vector w5(w 1 ; ...; w r )9 of further covariates, in which categorical covariates are often given. The generalized additive modelling framework assumes that, given x i and w i , the distribution of the response y i belongs to an exponential family, with mean m i 5(y i |x i , w i ) linked to an additive semi-parametric predictor m i 5h(g).
Traditionally, the effect of the covariates on the response is modelled by a linear predictor:
where h is a known response function. The response variable in this application is defined as y i 51 (if child i had diarrhoea or cough or fever during the reference period t) or y i 50 (if otherwise). There is a logit link function, Pr(y i 51|g i )5e
, for the probability of having diarrhoea, cough, fever during the reference period (i.e. the conditional probability of a child having diarrhoea or cough or fever is modelled), given the child's age in months, the state where the child lives, and w, with predictor (Equation 1).
In the present application, and in many other regression situations, two problems have to be faced:
(1) for the continuous covariates in the data-set, the assumption of a strictly linear effect on the response y may not be appropriate. In this study, such covariates are child's age and mother's age at birth of the child. Generally, it will be difficult to model the possibly non-linear effect of such covariates through a parametric functional form, which has to be linear in the parameters, prior to any data analysis. (2) in addition to the usual covariates, geographical small-area information is given in the form of a location variable s, indicating the region, district, state or community where individuals or units in the sample live or originate. In the present study, this geographical information is given by the state where the child lived at the time of each survey.
Attempts to include such small-area information using state-specific dummyvariables would entail .50 dummyvariables and could not be used to assess spatial inter-dependence. The latter problem could also not be solved through conventional multi-level modelling using uncorrelated random effects (Fahrmeir and Lang, 2001; Brezger et al., 2005) . It is reasonable to assume that areas close to each other are more similar than areas far apart, so that spatially correlated random effects can be specified as shown in Equation 2.
To overcome these difficulties, the strictly linear predictor is replaced with a geoadditive predictor, leading to the geoadditive regression model:
where, f 1 , …, f p are non-linear smooth effects of the metrical covariates, and f spat (s i ) is the effect of the spatial covariate s i {1, …, S} labelling the states in Nigeria.
In a Bayesian approach, the unknown functions f j and parameters c as well as the variance parameter s 2 are considered as random variables and have to be supplemented with appropriate prior assumptions. In the absence of any prior knowledge, independent diffuse priors c j !const, j51, …, r were assumed for the parameters of fixed effects (another common choice is highly dispersed Gaussian priors).
Several alternatives (Fahrmeir and Lang, 2001; Brezger et al., 2005; Kandala, 2006) are available as smoothness priors for the unknown functions f j (x j ). In this study, Bayesian P(enalized)-splines (Brezger et al., 2005) were used. For the spatially correlated effect f str (s), s51, …, S, the Markov random field priors that are common in spatial statistics (Fahrmeir and Lang, 2001; Brezger et al., 2005; Kandala, 2006) were employed. These priors reflect spatial neighbourhood relationships. For a spatially uncorrelated (unstructured) effect f unstr , a common assumption is that the parameters f unstr (s) are independent identically distributed Gaussian.
The standard measure of effect is still the OR for a logistic model. The use of a fully Bayesian approach that relies on prior assumption to make posterior inference means, however, that these ratios are 'posterior OR'. For model choice, the deviance information criterion (DIC) is routinely used as a measure of fit and model complexity, instead of tests for significance, linear trends and interactions. To account for possible departures from the assumed distribution, 95% credible intervals for the posterior OR and probability maps are calculated using S.E. estimated via MCMC simulation techniques.
